This study explored the relationship between music and speech by examining absolute pitch and lexical tone perception. Taiwanese-speaking musicians were asked to identify musical tones without a reference pitch and multispeaker Taiwanese level tones without acoustic cues typically present for speaker normalization. The results showed that a high percentage of the participants (65% with an exact match required and 81% with one-semitone errors allowed) possessed absolute pitch, as measured by the musical tone identification task. A negative correlation was found between occurrence of absolute pitch and age of onset of musical training, suggesting that the acquisition of absolute pitch resembles the acquisition of speech. The participants were able to identify multispeaker Taiwanese level tones with above-chance accuracy, even though the acoustic cues typically present for speaker normalization were not available in the stimuli. No correlations were found between the performance in musical tone identification and the performance in Taiwanese tone identification. Potential reasons for the lack of association between the two tasks are discussed.
I. INTRODUCTION
Pitch is one of the major auditory attributes of musical tones. It is also the primary perceptual correlate of lexical tones in tone languages, which constitute the majority of all of the known languages of the world (Laver, 1994) . The ability to identify pitch is therefore critical to the perception of both musical and lexical tones. On the other hand, lexical tones serve a linguistically contrastive function, whereas musical tones do not. The ability to associate lexical tones with verbal labels can be acquired by any typically developing child raised in a tone language environment, whereas the association between musical tones and their note names has to be taught explicitly. Given these similarities and contrasts, an intriguing question is whether musical and lexical tones share common cognitive processing mechanisms.
There is ample evidence that musical training facilitates nontone language speakers' ability to produce and perceive lexical tones (Alexander et al., 2005; Gottfried, 2007; Gottfried and Riester, 2000; Gottfried et al., 2001; Lee and Hung, 2008) . These studies suggest that musical and lexical tones may share common processing mechanisms. Deutsch and colleagues (Deutsch, 2002 (Deutsch, , 2006 Deutsch et al., 2004; Deutsch et al., 2006; Deutsch et al., 2009) further proposed that lexical tones are associated with absolute pitch: the ability to produce or name a musical tone without a reference pitch. In particular, Deutsch and colleagues argued that absolute pitch originated as a feature of speech and is part of the specification for lexical tones. In other words, tone language speakers can be said to possess a form of absolute pitch.
When children raised in a tone language environment receive musical training, they acquire absolute pitch for musical tones in the same way as they would acquire tones of a second tone language. By contrast, when children raised in a nontone language environment receive musical training, they acquire absolute pitch for musical tones in the same way as they would acquire tones of a first tone language. Because nontone language speakers are not exposed to linguistically relevant absolute pitch the way that tone language speakers are, this account predicts more stable and precise pitch templates, as well as high prevalence of absolute pitch in tone language speakers. In addition, if absolute pitch indeed originated from speech, the acquisition of absolute pitch should resemble the acquisition of speech in that a negative correlation would be expected between occurrence of absolute pitch and the age of onset of musical training.
These predictions are supported by several studies. Deutsch et al. (2004) showed that tone language speakers produced more consistent F0's for words recorded across different sessions than nontone language speakers did, suggesting more stable and precise pitch templates in tone language speakers (cf. Burnham et al., 2004) . Deutsch et al. (2006) and Deutsch et al. (2009) found a significantly higher percentage of absolute pitch possessors in musicians speaking a tone language (approximately 75%) than in musicians without tone language experience (approximately 15%). Similar contrasts were obtained in other studies. Lee and Hung (2008) showed that none of the English-speaking musicians in their study possessed absolute pitch, whereas found that 72% of the Mandarin-speaking musicians in their study met the criterion for absolute pitch. Finally, Deutsch et al. (2006) , Deutsch et al. (2009) , and all found that prevalence of absolute a) Author to whom correspondence should be addressed. Electronic mail:
leec1@ohio.edu pitch was negatively associated with the age of onset of musical training. This is consistent with the idea that acquisition of absolute pitch resembles the acquisition of speech. Although studies on speaking F0 consistency and prevalence of absolute pitch have provided important evidence for the link between absolute pitch and lexical tones, findings from other studies that compared the perceptual identification of musical and lexical tones were not conclusive. Lee and Hung (2008) found that with minimal instruction, English-speaking musicians without prior exposure to Mandarin were able to identify intact and truncated Mandarin tones with above-chance accuracy. The musicians also outperformed a control group of nonmusicians, suggesting that their musical ability facilitated the perception of lexical tones. However, none of the musicians met the criterion for absolute pitch as measured by a musical tone identification task, suggesting that their superior performance over the nonmusicians in lexical tone identification did not arise from absolute pitch. Further, performance in the musical tone identification task did not correlate with performance in the lexical tone identification task, weakening the argument that absolute pitch is associated with lexical tones. also failed to find significant correlations between the two perception tasks when they examined identification of musical tone stimuli and "onset-only" Mandarin tone stimuli by Mandarin-speaking musicians. In these stimuli, F0 contour contrasts were neutralized by removing the dynamic F0 contours of the Mandarin tones, leaving only the first six glottal periods in the stimuli. That means the listeners had to rely on F0 height for tone identification: a task analogous to musical tone identification. The results showed that a high percentage of the musicians (72%) met the criterion for absolute pitch. Mandarin tone identification accuracy was also above chance, which was consistent with findings from nonmusician Mandarin speakers in another study (Lee, 2009 ). However, no significant correlations were found between musical tone identification performance and lexical tone identification performance. Although the absolute pitch hypothesis proposed by Deutsch and colleagues did not explicitly predict an association between these two perception tasks, the hypothesis should favor such an association given the demonstrated pitch production consistency by tone language speakers.
It is debatable whether Mandarin tones are the optimal choice for studying the association between absolute pitch and lexical tones. Specifically, the stimuli used in the musical tone identification task were all musical tones with a single, flat F0. However, Mandarin tones are not exactly analogous to the musical tones used to evaluate absolute pitch. Three of the four Mandarin tones are contour tones (rising, falling-rising, and falling), meaning that the contrasts among the four tones can be judged based on F0 contour alone without reference to F0 height. As noted, created onset-only Mandarin tone stimuli that were devoid of F0 contours in order to isolate the contribution of F0 height. These truncated stimuli presumably forced listeners to rely on F0 height to identify the tones. However, it is not clear whether F0 height judgment indeed plays a significant role in Mandarin tone identification the way it does in musical tone identification because the mental representations of Mandarin tones are still contours in nature.
In the present study, we used a language with canonical level tones to evaluate the relationship between musical and lexical tone perception. Taiwanese (also known as Taiwanese Hokkien) is a language widely spoken in Taiwan. Among the seven tones in Taiwanese, two are level tones, which contrast only in F0 height (high vs mid) (Peng, 1997) . We selected two pairs of Taiwanese words contrasting in these two level tones as stimuli in the lexical tone identification experiment. Because both tones are level tones, no acoustic modification was necessary to neutralize the F0 contour contrast as was done in our previous Mandarin studies (Lee and Hung, 2008; . It was also possible to implement a word recognition task, which did not require participants to respond with arbitrary tone numbers or F0 contour shapes as was required in the Mandarin studies, because all the Taiwanese tone stimuli are real words. In other words, the lexical tone task in the present study was more natural and ecologically valid.
An important aspect of the experimental design in the Taiwanese tone identification task was the inclusion of interspeaker variability in the stimuli. Specifically, the stimuli were recorded by 30 speakers of both genders. Because F0 range varies across speakers, a high or a low tone intended by a speaker is not necessarily high or low acoustically. For example, a phonologically high tone produced by a male speaker could be acoustically equivalent to a phonologically low tone produced by a female speaker. To uncover the intended tone produced by a speaker, a listener must estimate the F0 location of a stimulus relative to the speaker's F0 range. This is a process known as speaker normalization (Johnson, 2005) . For lexical tone perception, factors contributing to the speaker normalization process include dynamic F0 contour, external context, and familiarity with speaker voices through repeated exposure (Leather, 1983; Lin and Wang, 1984; Moore and Jongman, 1997) . We eliminated these factors in the present study by presenting level tone stimuli (no dynamic F0 contour) in isolation (no external context) to listeners without prior exposure to the speakers' voices (no familiarity through repeated exposure). In other words, this design allowed us to isolate the contribution of F0 height judgment to lexical tone identification.
In sum, the purpose of this study was to examine the prevalence of absolute pitch in Taiwanese-speaking musicians, their ability to identify F0 height from multispeaker Taiwanese tones without acoustic cues typically present for speaker normalization, and whether their ability to identify musical tones without a reference pitch was associated with the ability to identify the Taiwanese tones. The following predictions were made:
(1) a high percentage of the Taiwanese-speaking musicians would possess absolute pitch; (2) there would be a negative correlation between occurrence of absolute pitch and age of onset of musical training; (3) the participants would be able to identify the Taiwanese tones with above-chance accuracy; and (4) there would be a positive correlation between performance in musical tone identification and performance in Taiwanese tone identification.
II. EXPERIMENT 1: MUSICAL TONE IDENTIFICATION
In this experiment, synthesized musical tones were presented to listeners, whose task was to identify note names of the musical tones without a reference pitch. Because no objective reference pitch was given, the listeners had to rely on their internal pitch scale to identify the tones. Variants of this task were used in previous studies to examine the presence of absolute pitch, which was defined as 85% or higher accuracy for this task Deutsch et al., 2009; Lee and Hung, 2008; .
A. Method
Materials
The materials used in this experiment were identical to those used in Lee and Hung (2008) and and were similar to those used in Deutsch et al. (2006) and Deutsch et al. (2009) . Thirty-six notes that spanned a three-octave range from C 3 (131 Hz) to B 5 (988 Hz) were synthesized with three timbres (piano, pure tone, and viola) for a total of 108 notes. The pure tones were synthesized with MATLAB (The MathWorks, Natick, MA). The piano and viola stimuli were synthesized with a Kurzweil K2000 synthesizer tuned to the standard A 4 at 440 Hz. The duration for all tones was 500 ms.
For each timbre, the 36 tones were ordered such that any two consecutive tones differed by more than an octave. The purpose of the separation was to prevent listeners from developing relative pitch as a reference . The 36 tones of a given timbre were divided into three blocks of 12 tones, with a 5 s interstimulus interval and a 10 s break between the blocks. Notes of a given timbre were always presented together. Six lists of stimulus presentation were created to counterbalance the order of timbre presentation. The participants were randomly assigned to one of the six lists.
Participants
Forty-three participants (34 females and 9 males) were recruited in Taipei, Taiwan. They were all college students majoring in music with the following areas of concentration: cello (2 individuals), clarinet (5), composition (2), erhu (1), flute (4), horn (1), musicology (3), oboe (4), percussion (2), piano (6), trombone (4), trumpet (2), tuba (1), violin (3), and voice (3). The age of the participants ranged from 18 to 34 yr (M ¼ 22, s.d. ¼ 4). All participants reported normal hearing. All participants spoke Taiwanese fluently. They also spoke Mandarin fluently because Mandarin is the official language of instruction in schools. The age at which they first received musical training ranged from 3 to 17 yr (M ¼ 6, s.d. ¼ 3). 
Procedure
The stimuli were presented with the AVRUNNER program of the Brown Lab Interactive Speech System (BLISS) (Mertus, 2000) . Participants were tested individually in a soundtreated booth in the National Concert Hall in Taipei, Taiwan. They listened to the stimuli through a pair of headphones connected to a Windows laptop computer. The participants were told that they would be listening to nine blocks of 12 tones of three timbres ranging from C 3 to B 5 . Their task was to notate the tones that they heard on a customized staff paper immediately after each tone was played, and to apply accidental signatures if applicable. They were also told that there would be 5 s to respond to each tone and a 10 s break between blocks.
Prior to the actual experiment, 12 practice trials of synthesized oboe tones were given to familiarize the participants with the presentation format. The practice tones were similar to the test tones in that they were selected from the same pitch range (C 3 -B 5 ) and were 500 ms long. As in the actual experiment, any two consecutive tones were separated by more than an octave. None of the practice tones appeared in the actual experiment. No feedback was given.
B. Results
Participants' responses were graded manually. Following Lee and Hung (2008) and , four accuracy measures were derived from the response data: (1) percentage of correct identification, (2) percentage of correct identification allowing one-semitone errors, (3) percentage of correct identification allowing two-semitone errors, and (4) percentage of correct identification allowing three-semitone errors. To evaluate whether the accuracy depended on the timbre, one-way repeated measures analysis of variances (ANOVAs) were conducted on accuracy, with timbre (piano, pure tone, and viola) as a within-subject factor and participants as a random factor. When a main effect from the ANOVAs was significant, the Bonferroni post hoc test was used for pairwise means comparisons to keep the familywise Type I error rate at 5%. Figure 1 shows the accuracy of identification as a function of timbre and number of semitone errors allowed. When FIG. 1. Box plots showing the accuracy of musical note identification as a function of timbre and number of semitone errors allowed. The central mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers extend to the most extreme data points not considered to be outliers, and outliers are indicated by "þ."
an exact match was required, accuracy was highest for piano
The ANOVA revealed a significant timbre effect, F(2,84) ¼ 26.41, p < 0.001. All three pairwise means comparisons were significant. Because there are 12 semitones within an octave, chance level performance is 8.3%. These averages therefore indicated that the musicians' identification accuracy was substantially above chance. Inspection of individual participant data showed that 28 of the 43 participants (65%) met the criterion for absolute pitch as defined in Deutsch et al. (2006) , achieving at least 85% accuracy in the piano task.
When one-semitone errors were allowed, accuracy was higher for piano
The ANOVA revealed a significant timbre effect, F(2,84) ¼ 10.59, p < 0.001. Pairwise means comparisons showed that the two comparisons involving piano were significant. Permitting onesemitone errors effectively allowed a range of three semitones or a chance level of 25%. These averages indicated that the musicians' identification accuracy was substantially above chance, as was expected from the results based on an exact match. Inspection of individual data showed that 35 of the 43 participants (81%) met the criterion for absolute pitch.
When two-semitone errors were allowed, accuracy was higher for piano
The ANOVA of variance revealed a significant timbre effect, F(2,84) ¼ 4.86, p < 0.05. Pairwise means comparisons showed that the two comparisons involving piano were significant. Permitting two-semitone errors effectively allowed a range of five semitones, indicating a chance level of 41.7%. These averages indicated that the musicians' identification accuracy was substantially above chance, as was expected from the results based on an exact match. For two-and three-semitone errors, we decided not to report the number of individuals attaining the 85% absolute pitch criterion because accuracy measured with these deviations is usually not considered qualifying for absolute pitch.
When three-semitone errors were allowed, accuracy was higher for piano ( 
The ANOVA revealed a significant timbre effect, F(2,84) ¼ 5.4, p < 0.01. Pairwise means comparisons showed that the two comparisons involving piano were significant. Permitting threesemitone errors effectively allowed a range of five semitones, indicating a chance level of 58.3%. These averages indicated that the musicians' identification accuracy was substantially above chance, as was expected from the results based on an exact match.
To test the hypothesis that absolute pitch is associated with the age of onset of musical training , Pearson's correlation coefficients were derived between the four dependent measures and the age of onset of musical training. Fisher's r to z transformation was then carried out to evaluate whether the correlation coefficients were significantly different from zero. Consistent with the hypothesis, the age of onset of musical training was negatively correlated with all four dependent measures: accuracy requiring exact match (r ¼ À0.38, p < 0.001), allowing one-semitone errors (r ¼ À0.46, p < 0.001), twosemitone errors (r ¼ À0.49, p < 0.001), and three-semitone errors (r ¼ À0.49, p < 0.001). These results are consistent with previous results obtained by Deutsch et al. (2006) , Deutsch et al. (2009) , Lee and Hung (2008) , and .
C. Summary and discussion
The results from the musical tone identification experiment can be summarized as follows. First, a considerable number of the musicians possessed absolute pitch: 65% of the participants met the criterion when an exact match was required and 81% met the criterion when one-semitone errors were allowed. These percentages are comparable to the results obtained by with the same test materials for Mandarin-speaking musicians (72% when an exact match was required and 82% when one-semitone errors were allowed). These percentages are also comparable to the results reported in Deutsch et al. (2006) and Deutsch et al. (2009) . The prevalence of absolute pitch in tone language speakers is consistent with previous studies showing that absolute pitch is associated with tone language experience.
Second, there was a significant timbre effect. Identification accuracy was consistently higher for piano than viola and pure tones. Viola resulted in higher accuracy than pure tones only when an exact match was required. These results replicated except that no timbre effect was found in when three-semitone errors were allowed. Lockhead and Byrd (1981) and Miyazaki (1989) reported that pitch identification from piano stimuli was relatively easy. Ward (1999) noted that compared to pure tones, complex sounds include a myriad of extraneous cues that may facilitate pitch identification. The consistent advantage of piano over viola stimuli further suggests that familiarity with a particular timbre may also play a role in musical tone identification without a reference pitch.
Third, there was a negative correlation between identification accuracy and age of onset of musical training. This result replicated the findings of based on Mandarin-speaking musicians. Similar findings were also reported in Deutsch et al. (2006) and Deutsch et al. (2009) . According to Deutsch et al. (2006) , such a result suggests that the acquisition of absolute pitch resembles the acquisition of lexical tones or other phonetic categories. Deutsch and colleagues argued that absolute pitch for musical tones were acquired as tones in a second tone language for tone language speakers. Consequently, the earlier an individual is exposed to musical training, the easier it is for that individual to acquire absolute pitch for musical tones. Our data are consistent with this interpretation.
III. EXPERIMENT 2: TAIWANESE TONE IDENTIFICATION
In this experiment, the Taiwanese-speaking musicians were asked to identify isolated Taiwanese words contrasting in level tones produced by multiple speakers. The words were tonal minimal pairs contrasting in F0 height (high vs mid). Because there were no F0 contour contrasts, a listener had to judge the F0 height intended by the speakers to identify these words. Because F0 range varies across speakers, F0 height judgment had to be made with reference to a speaker's F0 range. In this experiment, we removed acoustic cues typically present for speaker normalization by presenting level-tone stimuli (no F0 contour) produced in isolation (no context) by speakers whose voices were never heard by listeners (no prior exposure). This allowed us to isolate the contribution of F0 height judgment to the identification of these level tones.
Materials
Two pairs of Taiwanese words, /hue / (/hue/ with a high tone, "flower") and /hue / (/hue/ with a mid tone, "meeting"), as well as /di / ("pig") and /di / ("chopsticks"), were selected as stimuli for the experiment. The two words within a pair differed minimally in lexical tone. Both pairs contained level tones contrasting only in F0 height. Thirty adult speakers of Taiwanese (15 females and 15 males) recorded the four words for a total of 120 stimuli. The recordings were made in a sound-treated booth with a Studio Projects B1 condenser microphone connected through a preamplifier and analog-todigital converter to a Windows computer. Because traditional Chinese characters are the most common way of representing Taiwanese words orthographically, the words were presented individually in the Chinese characters " ," " ," " ," and " " on a computer screen via Microsoft PowerPoint at 5 s per slide. The speakers were instructed to read the words in citation form. The recordings were digitized at 44.1 kHz with 16-bit quantization. Each word was identified from the waveform display and saved as a sound file. Peak amplitude was normalized across the sound files.
For each stimulus item, the F0 contour was extracted by the Pitch program in BLISS with a time autocorrelation algorithm. Figure 2 shows the F0 contours of the stimuli. The extracted F0 values were then used to calculate the mean F0 for each stimulus. Table I shows the mean F0 values. Several observations can be made from Fig. 2 and Table I . First, as expected, female speakers have overall higher F0's than male speakers do. Second, mid tones produced by the female speakers are generally higher than high tones produced by the male speakers, indicating distinct F0 ranges for the female and male speakers. This suggests that knowledge of speaker gender could be useful for identifying a speaker's intended tone. Third, there is considerable overlap between the high and mid tones within a gender group. This suggests that identifying a speaker's intended tone should be challenging even if speaker gender is used as a reference frame. Fourth, the difference between the high and mid tones is greater for the female speakers than for the male speakers. This suggests that identifying a speaker's intended tone should be easier from the female stimuli because the high and mid tones are more distinct from each other. Table II shows the duration of the stimuli. As expected, there was considerable variability across speakers. For example, one speaker (male #13) consistently produced tones of more than 1000 ms long. On average, the mid tone stimuli were longer than the high tone stimuli. A set of paired t-tests were conducted to evaluate whether the differences between the high and mid tone stimuli were significant: /hue/ stimuli produced by the female speakers, t(14) ¼ 0.73, n.s.; /hue/ stimuli produced by the male speakers, t(14) ¼ 1.2, n.s.; /di/ stimuli produced by the female speakers, t(14) ¼ 3.22, p < 0.01; /di/ stimuli produced by the male speakers, t(14) ¼ 1.63, n.s. In other words, with the exception of /di/ stimuli produced by the female speakers, there is no evidence that the high and mid tone stimuli differed systematically in duration. Therefore, it is unlikely that duration could be useful for identifying the tones. A more stringent test for the role of duration would be to use a fixed duration across all stimuli. However, the digital processing could inadvertently alter other acoustic cues in the natural speech. Therefore, we chose to present the stimuli as they were produced.
Participants
The same 43 participants in the musical tone identification experiment also participated in this experiment. None of them were the speakers who recorded the stimuli.
Procedure
BLISS was used for stimulus presentation and response data acquisition. The 120 stimuli were assigned to four blocks of 30 stimuli. Two blocks included the pair of /hue/ words and two blocks included the pair of /di/ words. The 30 stimuli in a given block came from all 30 speakers such that no speaker was heard more than once in a block. The purpose of this design was to minimize familiarity with individual speakers, which is one of the factors known to contribute to speaker normalization. The number of male and female speakers in a block was balanced (15 female stimuli and 15 male stimuli). The number of high and mid tones in a block was also balanced (15 high tone stimuli and 15 mid tone stimuli). Female  1  235  210  25  232  207  24  2  244  212  32  243  200  43  3  281  226  55  281  224  57  4  199  172  28  206  177  29  5  259  214  46  259  220  39  6  241  216  25  242  212  30  7  273  225  49  272  218  55  8  234  197  36  235  207  29  9  259  199  60  265  203 Participants were tested individually in the same soundtreated booth with the same equipments as in the musical tone identification experiment. Each participant was assigned a uniquely randomized presentation order such that no two participants received the same order of presentation. The order of the blocks was also randomized for each participant. The participants were told that they would be listening to the four Taiwanese words produced by 30 speakers. Their task was to identify the words they heard by pressing computer keys labeled with the four Chinese characters. All participants indicated that they were highly familiar with the words and the characters representing the words. The participants were told that they had 5 s to respond to each word. They were instructed to respond as quickly as possible because their responses would be timed.
B. Results
Identification responses were automatically acquired by BLISS. Analyses were conducted on response accuracy (i.e., percentage of correct responses) and reaction time. The results are shown in Table III . A set of four KolmogorovSmirnov tests (2 genders Â 2 tone heights) showed that distributions of the accuracy data met the assumption of normal distribution. However, a set of four Bartlett's tests showed that variances of the four groups of data were not equal. Because the assumption of homogeneity of variances was not met, the accuracy data were arcsine-transformed before parametric tests were conducted.
An ANOVA was conducted on arcsine-transformed accuracy with speaker gender (female and male) and tone height (high and mid) as within-subject factors and participants as a random factor. The ANOVA showed a significant speaker gender effect, F(1,42) ¼ 22.22, p < 0.001, a significant tone height effect, F(1,42) ¼ 9.62, p < 0.005, and a significant gender Â height interaction, F(1,42) ¼ 26.55, p < 0.001. The interaction indicated that identification of high tone stimuli was more accurate than that of mid tone stimuli, but only for female speakers (a difference of 18%). For male speakers, identification accuracy was comparable between the high and mid tone stimuli (a difference of 2%). In other words, high tone stimuli produced by female speakers elicited the most accurate responses as compared to the other groups of stimuli.
To evaluate whether the accuracy of identification was above chance (50%), a set of four t tests were conducted on arcsine-transformed accuracy. The results, also shown in Table I, indicated that participants were able to identify all four groups of stimuli above chance. That is, despite considerable acoustic overlap between the high and mid tone stimuli (shown in Fig. 2 ), listeners were still able to uncover the tones intended by the speakers without acoustic cues typically present for speaker normalization (i.e., dynamic F0 contour, external context, and familiarity with speakers).
Reaction time was measured from stimulus offset to avoid the potential confound of variable stimulus durations. Only correct responses were included in the reaction time analysis. The Kolmogorov-Smirnov tests for normality and Bartlett's tests for homogeneity of variance showed that both assumptions were met. Therefore, no further data transformations were performed on the reaction time data. An ANOVA was conducted on reaction time with speaker gender (female and male) and tone height (high and mid) as within-subject factors and participants as a random factor. The ANOVA showed a significant speaker gender effect, F(1,42) ¼ 27.4, p < 0.001, a significant tone height effect, F(1,42) ¼ 25.64, p < 0.001, and a significant gender Â height interaction, F(1,42) ¼ 6.71, p < 0.05. The interaction indicated that although listeners were faster in identifying the high tone stimuli, the difference between the high and mid tone stimuli was greater for the female speakers (145 ms) than for the male speakers (66 ms). These results are consistent with the accuracy results in that higher accuracy is associated with shorter reaction time. That is, listeners' responses were most accurate and fastest for high tone stimuli produced by the female speakers.
C. Summary and discussion
There are two major findings from this experiment. First, listeners were able to identify tone height above chance without acoustic cues typically present for speaker normalization. Similar findings have been reported elsewhere with truncated Mandarin tones (Lee, 2009 ) and English materials (Bishop and Keating, 2010; and Honorof and Whalen, 2005) . Some researchers proposed that voice quality (Bishop and Keating, 2010; Honorof and Whalen, 2005; Lee, 2009) and gender identification could be the basis for the F0 height estimation performance. Others (Honorof and Whalen, 2010) , however, did not find evidence for the contribution of voice quality or gender detection to the F0 height judgment performance.
Second, listeners were most accurate and fastest in identifying high tone stimuli produced by the female speakers. This result was expected because the female high tones lie in one extreme of the F0 range encompassing the four groups of stimuli. In other words, the female high tone stimuli are relatively distinct compared to the female mid tone stimuli and male high tone stimuli, which crowded the middle of the F0 range. According to this interpretation, the male mid tone stimuli should also have been identified with high accuracy because they lie in the other extreme of the F0 range. The result, however, did not show that their identification accuracy was significantly higher than the accuracy for the female mid tone or male high tone stimuli. Two factors could have contributed to the lower-than-expected accuracy for the male mid tone stimuli. First, the F0 difference between the high and mid tones was smaller for the male (295) speakers (27 Hz) than for the female speakers (40 Hz), as shown in Table III . The smaller difference could have made the high-mid contrast less distinct in the male stimuli. Second, as shown in Fig. 2 , F0 levels seem to vary more in the male stimuli than in the female stimuli. This observation is supported by the larger standard deviations for the male stimuli shown in Table III . The greater variability among the male stimuli could also have contributed to the lower-thanexpected accuracy.
IV. RELATIONSHIP BETWEEN MUSICAL TONE IDENTIFICATION AND TAIWANESE TONE IDENTIFICATION
Both musical tone identification and Taiwanese tone identification in this study required listeners to estimate F0 height. Identifying a musical tone without a reference pitch requires comparing a stimulus to a listener's internal scale of pitch. Identifying isolated Taiwanese level tones without prior exposure to specific speaker voices requires comparing a stimulus to a listener's internal representation of possible speaker F0 ranges. If these two abilities share common processing mechanisms, performances in these two tasks should be associated.
To evaluate this hypothesis, Pearson's correlation coefficients were calculated between accuracy measures of musical tone identification and accuracy measures of Taiwanese tone identification. The musical tone identification measures included percentages of correct responses to piano, pure tone, and viola stimuli, and mean accuracy averaged across all musical tone stimuli. The Taiwanese tone identification measures included percentages of correct responses to high and mid tone stimuli produced by female and male speakers and mean accuracy averaged across all Taiwanese tone stimuli. The results are shown in Table IV . Fisher's r to z transformation was carried out to test whether the correlation coefficients were significantly different from zero. The correlation coefficients were generally low and none of them were significantly different from zero. That is, there is no evidence that the participants' ability to identify musical tones without a reference pitch is associated with their ability to use F0 height to identify Taiwanese tones. The potential reasons for the absence of associations between these two tasks will be discussed in the next section.
Because the participants have diverse areas of concentration, we explored whether their performance in the experiments correlated with their concentrations. One may expect, for example, the musicians concentrating in voice would be better at identifying lexical tones because of their relative familiarity with human voice characteristics through professional training. Table V shows the mean accuracy of musical note identification and Taiwanese tone identification as a function of the musicians' area of concentration. Due to the small and unequal numbers of participants for each concentration, statistical comparisons were not feasible. Descriptively, we did not find any systematic differences among participants of different concentrations in their tone identification performance. For example, the voice concentrators actually ranked 13th out of the 15 concentrations in the lexical tone identification performance. Although the current data suggest that area of concentration does not affect lexical tone identification performance, further studies based on larger samples are needed to address this issue.
V. GENERAL DISCUSSION
Three of the four predictions made at the outset of this study are supported by the current data. First, a relatively high percentage of the Taiwanese-speaking musicians (65% with an exact match required and 81% with one-semitone errors allowed) possessed absolute pitch as measured by the musical tone identification task. These percentages are comparable to previous results obtained with Mandarin-speaking musicians Deutsch et al., 2009; . Second, a negative correlation was found between occurrence of absolute pitch and age of onset of musical training. This result is consistent with previous studies as well Deutsch et al., 2009; , suggesting that the acquisition of absolute pitch resembles the acquisition of speech. Third, the participants were able to identify multispeaker Taiwanese level tones with above-chance accuracy without acoustic cues typically present for speaker normalization. This result is consistent with previous studies showing a similar performance by Mandarin listeners (Lee, 2009; and English listeners (Bishop and Keating, 2010; Honorof and Whalen, 2005) . The last prediction regarding the association between absolute pitch and lexical tone perception is not supported by the current data. No correlations were found between the performance in the musical tone identification task and the performance in the Taiwanese tone identification task. The two findings from the musical tone identification task are consistent with Deutsch and colleagues' hypothesized link between absolute pitch and lexical tones. Deutsch and colleagues argued that absolute pitch should be more prevalent in tone language speakers because some form of absolute pitch specifies lexical tones, and that tone language speakers are exposed to such linguistically relevant absolute pitch. Deutsch and colleagues also argued that absolute pitch should be more prevalent in individuals who receive their musical training early because the acquisition of absolute pitch resembles the acquisition of speech. Both predictions are consistent with the current data. Although we did not include a control group of nontone language speaking musicians in the current study, the percentage of absolute possessors in our sample is comparable to those obtained in previous Mandarin studies using the same or a similar musical tone identification task Deutsch et al., 2009; Lee and Hung, 2008; .
Results from the Taiwanese tone identification experiment showed that despite the absence of acoustic cues typically present for speaker normalization, listeners were still able to identify these level tone stimuli with above-chance accuracy. Acoustic analysis showed distinct F0 ranges between the female and male stimuli, with the female stimuli in the upper portion and male stimuli in the lower portion of the full F0 range. That is, phonologically high tone stimuli produced by the male speakers are actually lower in absolute F0 than the phonologically low tone stimuli produced by the female speakers. Further, there is substantial overlap between the high and low tone stimuli within a gender group, and this overlap is particularly prominent for the male speakers. The male stimuli also show greater variability and smaller average difference between the high and mid tones, making the two tones less distinct from each other. As noted, these two factors are likely reasons for the lower identification accuracy for the male stimuli. Nonetheless, the above-chance accuracy indicates that listeners were able to use something in the acoustic signal to uncover the identity of these Taiwanese tones. As noted, this task requires estimation of F0 location of a stimulus within a speaker's F0 range. What could have contributed to the reliable identification performance despite the absence of cues typically present for speaker normalization? Honorof and Whalen (2005) raised the possibility that there could be covariations between F0 and voice quality that listeners could use to estimate F0 height. The acoustic analysis of the onset-only Mandarin stimuli of Lee (2009) showed significant contrasts between the high onset tones (tones 1 and 4) and low onset tones (tones 2 and 3) in two voice quality measures (F1 bandwidth and spectral tilt). Correlation analysis further showed that these two voice quality measures covaried with F0 and F0 height judgments. These findings suggest that the F0 voice quality covariation could be useful for F0 height estimation. However, data from studies using English materials did not support a strong role of voice quality in F0 height judgment (Bishop and Keating, 2010; Honorof and Whalen, 2010) . Could voice quality be useful only for lexical tone related F0 height judgment? Further research is needed to answer this question.
The lack of correlation between musical tone identification and Taiwanese tone identification did not provide perceptual evidence for the association between absolute pitch and lexical tones. Both absolute pitch and lexical tones involve mapping pitch onto a verbal label. Deutsch and colleagues further hypothesized that absolute pitch is part of the lexical tone specification. If absolute pitch manifests itself as more consistent F0's in speech production (Deutsch et al., 2004) , one would expect traces of absolute pitch to show up in speech perception as well. In the current study we attempted to construct a lexical tone identification task which is analogous to the musical tone perception task. Taiwanese level tones resemble musical tones in that there are no linguistically significant dynamic F0 contours. Both tasks require estimating F0 height without external cues. That is, both tasks require comparing a stimulus to a listener's internal scale of pitch instead of relying on an external reference. If the same perceptual mechanisms are involved, we should expect correlations between performances in these two tasks. The lack of such correlations in this and our previous studies (Lee and Hung, 2008; does not allow us to draw definite conclusions on the association.
Although the two identification tasks are considered analogous in the current study, there are differences between musical and lexical tone perception that merit further exploration. First, although pitch is a critical auditory attribute for both musical and lexical tones, the degree to which musical and lexical tone identification depend on pitch perception may be different. Intuitively, identifying musical tones relies primarily, if not exclusively, on pitch perception. Lexical tone contrasts, however, involve multiple acoustic correlates like all speech sound contrasts do. Specifically, F0, duration, and amplitude contours have all been shown to affect how lexical tones are perceived (Liu and Samuel, 2004; Whalen and Xu, 1992) . As noted, Lee (2009) also showed that voice quality could be used for F0 height judgments. In other words, there are fundamental differences between musical and lexical tones in their internal category structure and whether they serve a linguistic function. These differences could play a role in the lack of correlations between the two tasks.
Second, the musical tone stimuli that are associated with a verbal label (i.e., a pitch class) never overlap in absolute F0. By contrast, acoustic analysis of the Taiwanese stimuli in the present study ( Fig. 2 and Table I ) showed that what is named a high and a low tone often overlap in absolute F0 within a gender and across genders. Given such an acoustic contrast, it is likely that distinct perceptual mechanisms, response strategies, or both are employed by the listeners to resolve the identity of a musical tone as opposed to a lexical tone. This could also have contributed to the lack of correlations in the performance between the two tasks.
Nonetheless, the timbre effect found in the musical tone task in the current and previous studies (Lee and Hung, 2008; indicates that musical pitch perception is affected by the quality in addition to the F0 of a sound. In other words, absolute pitch as commonly measured by the musical tone task is not just a matter of perceiving the pitch of a stimulus. The fact that piano stimuli constantly resulted in the highest percentage of correct responses suggests that acoustic characteristics of the piano sound, listeners' familiarity with the piano sound, or a combination of both, contributed to the high identification accuracy. Recall that the F0 voice quality covariation has been proposed as a potential cue for F0 height estimation for lexical tones (Lee, 2009 ). The superior performance in identifying F0 height from piano stimuli could be attributed to a similar F0-timbre covariation that listeners have learned through frequent exposure to piano sounds. Future studies could explore this possibility.
Finally, it may be worthwhile to explore ways to test absolute pitch in individuals without knowledge of musical note names. The musical tone identification task used in this and previous studies requires knowledge of musical note names and the knowledge is usually acquired through explicit instruction. That means this task cannot be used for individuals without musical training. If tone language speakers do possess some form of absolute pitch as Deutsch and colleagues suggested, absolute pitch should reveal itself in some form of perceptual abilities in nonmusicians as well. Future studies could explore behavioral and neurophysiological ways of tapping into such abilities.
